ABSTRACT In this paper, we investigate the impact of self-interference on the performance of a joint partial RAKE (PRAKE) receiver and adaptive modulation over both independent and identically distributed and independent but non-identically distributed Rayleigh fading channels. To better observe the impact of selfinterference, our approach starts from considering the signal to interference plus noise ratio. Specifically, we accurately analyze the outage probability, the average spectral efficiency, and the average bit error rate as performance measures in the presence of self-interference. Several numerical and simulation results are selected to present the performance of the joint PRAKE receiver and adaptive modulation subject to self-interference.
Despite these useful aspects, few studies have been conducted on the joint type of PRAKE receiver and adaptive modulation in the literature. Besides, almost all previous literatures on the joint RAKE receiver and adaptive transmission deal with the case of no self-interference [7] - [9] . Note that self interference is a known phenomenon for RAKE receiver which arises mainly from the fact that spreading codes have non-ideal autocorrelation properties. Since this self-interference may be explained as an additional noise term which may cause a misuse of the transmission mode between the transmitter and the receiver and the performance of PRAKE receiver degrades due to uncombined paths as well as the increased self-interference introduced by unselected (or uncombined) paths, it is very important to study the impact of self-interference.
Further, in practice, the independent and identically distributed (i.i.d.) fading scenario on the diversity paths is not always realistic since, for example, there exist different paths with the same path loss which result in unbalance and correlated paths [15] , [16] . Although this non-identical consideration is important from a practical standpoint, the effect of the non-uniform power delay profile, especially for PRAKE receiver, has not been investigated yet in the literature to the best of our knowledge.
Bearing in mind the issues listed above, we study in this work the impact of self-interference on the performance of PRAKE receiver with adaptive modulation over both i.i.d. and independent but non-identically distributed (i.n.d.) Rayleigh fading channels taking into consideration the interference cancellation coefficient by extending the result in [17] where i.i.d. case has been partly investigated. To better observe the impact of self-interference, our approach starts from considering the signal to interference plus noise ratio (SINR) which measures the ratio of the useful power to the sum of noise and interference powers. We accurately analyze the outage probability, the average spectral efficiency (ASE), and the average bit error rate (BER) as performance measures in the presence of self-interference under i.i.d. environment and more practical environment, i.e., i.n.d. environment. To validate our analysis, the closed-form expressions are verified via a set of comparisons with the simulation results. Several numerical and simulation examples are selected to present the performance of the joint PRAKE receiver and adaptive modulation subject to self-interference.
The remainder of this paper is organized as follows: In Section II, we present the system and channel models as well as the mode of operation of the joint RAKE receiver and adaptive modulation scheme under consideration. Based on this mode of operation, the basic statistics and performance measures such as the outage probability, the ASE and the average BER for i.i.d. Rayleigh fading channels are derived in Sections III and IV. We extend our analysis to i.n.d fading channels in Sections V and VI. Finally, our results and conclusions are given in Section VII.
II. SYSTEM AND CHANNEL MODELS
Based on the basic mode of operation of PRAKE receiver [11] , [12] , m paths among total K (≥ m) arrived paths per time-slot are randomly selected at the receiver. It is assumed that there is a reliable feedback path between the receiver and the transmitter and the required operations are implemented in a discrete-time fashion with a timeslot composed of a guard time period followed by a data transmitting time period. During this guard period, based on the signal to noise ration (SNR), the necessary actions are made and then SINR is estimated.
For an adaptive modulation, a conventional existing adaptive modulation [18] - [21] is assumed. In [18] - [21] , the rate adaptation is performed by dividing the SNR range into N + 1 fading regions which are defined by the SNR thresholds, denoted by 0 < γ
When the estimated SNR is in the nth region (i.e., γ T n ≤ γ < γ T n+1 ), the constellation size M n with spectral efficiency R n [bits/s/Hz] is applied for transmission. The lower SNR boundary γ T n of each fading region is set to the lowest SNR required to achieve the predefined system target bit error rate (BER), denoted by BER 0 .
Further, a block flat fading channel model is adopted and both i.i.d. and i.n.d. Rayleigh fading models are considered. More specifically, with slowly-varying fading conditions, the different diversity paths experience equivalently the same SNR for i.i.d. case while for i.n.d. case, the different paths experience the different fading conditions during both the data burst and its preceding guard period. However, the fading conditions are assumed to be independent across the paths and between guard time period and data burst pairs.
III. STATISTICAL ANALYSIS OVER I.I.D. RAYLEIGH FADING CONDITIONS
Let γ i be the SNR of the i-th arrived path (i = 1, 2, . . . , K ), then based on the mode of operation of PRAKE receiver, the SINR that takes into account the interference introduced by uncombined paths can be written as
where α is the interference cancellation coefficient 1 which takes values between 0 and 1. Starting from (1), for valid derivation, three cases 1) m = K , 2) m = K and α = 0, and 3) m = K and α = 0 should be considered separately. γ n and follows the maximal ratio combining (MRC) case. Therefore, γ SINR follows a Gamma distribution with the shape parameter K whose probability density function (PDF) can be written as
whereγ is the average SNR per path. γ n whose PDF follows a Gamma distribution with a shape parameter m given by γ i where X and Y present the sum of SNRs of 1 If CDMA is considered, α can be treated as an inverse of processing gain for matched filtering. When MMSE detection is assumed, a specific value of α depends on the amount of cancellation of interference. Although the exact characterization of the values of α is beyond the scope of this paper, it is clear that when the interference is perfectly cancelled, α = 0 and SINR reverts to SNR. On the other hand when α = 1, the interference is fully present. selected paths and the sum of SNRs of non-selected paths, respectively. Based on the mode of operation of PRAKE receiver, the receiver selects and combines the first set of arriving paths. Here, self-interference can be introduced by uncombined paths due to the fact that spreading codes have non-ideal autocorrelation properties. Note that this selfinterference can be accounted for an additional noise term [22] - [25] . Therefore, based on the mode of operation as well as the results given in [26] , X and Y are statistically independent and they are Gamma distributed with shape parameters m and K − m, respectively. Thus, the joint PDF of X and Y can be obtained as the multiplication of two PDFs of X and Y as
where
Hence, the cumulative distribution function (CDF) of γ SINR can be derived in terms of the 2-dimensional joint PDF of X and Y as
Differentiating (7) with respect to z, we can finally obtain the PDF expression of γ SINR as
Finally, inserting (5) and (6) into (8) leads to the exact closed form expression of the PDF for this case as
where (·) is the Gamma function [27, eq. (8.339.1)].
IV. PERFORMANCE ANALYSIS OVER I.I.D. RAYLEIGH FADING CONDITIONS A. OUTAGE PROBABILITY
Based on the mode of operation of an adaptive modulation, when the received SNR falls below γ T 1 , no data are sent. As a result, the outage probability has the following form
Inserting (2), (3), and (9) into (10), with the help of [27, eq. (3.381.1)] we can obtain the closed form expression of the outage probability for each case as follows: a. For m = K In this case, inserting (2) into (10) and then with the help of [27, eq. (3.381.1)] we can obtain the closed form expression of the outage probability to be given by
where γ (·, ·) is the lower incomplete Gamma function [27, eq. (8.352.1)]. b. For m = K and α = 0 Similarly we can directly apply the same approach for (11) just by replacing K with m as
c. For m = K and α = 0 In this case, inserting (9) into (10) 
B. AVERAGE SPECTRAL EFFICIENCY (ASE)
With an assumption of no feedback error, the expression for ASE can be calculated as the sum of all spectral efficiencies,
, of the individual codes, weighted by the probability, P n , that SINR of a user is assigned to the nth region as [18] - [21] 
In (14), P n of three cases can be calculated by integrating
a. For m = K In this case, by directly applying the closed form result given in (11), the closed form expression of P n can be obtained as
b. For m = K and α = 0 Similarly the closed-form expression of P n can be directly obtained by replacing K with m in (16) as
c. For m = K and α = 0 With the closed-form result given in (13), the closed-form expression of P n can be also directly obtained as
C. AVERAGE BER
The average BER with constellation restriction, BER, for over all codes and SINR of the user is given as the average number of bits in error over the average number of transmitted bits as [18] , [19] 
where BER n denotes the average BER when the constellation size n is used for transmission which can be calculated as
where a n and b n are code-dependent constants in [18, Table I ]. For Rayleigh fading assumptions, the closed-form expression of BER n for each cases can be simply obtained by applying the same approach for (11), (12) , and (13) as follows: 
c. For m = K and α = 0 In this case, the closed-form expression of BER n is given in (23) at the top of the next page.
V. STATISTICAL ANALYSIS OVER I.N.D. RAYLEIGH FADING CONDITIONS
Similar to i.i.d. case, if we let u i be SNR of i-th arrived path
, then SINR of a user can be written as
Similarly, we also need to consider three cases 1) m = K , 2) m = K and α = 0, and 3) m = K and α = 0 separately.
u i which is the output of MRC case. Therefore, the PDF of γ SINR with parameter K over nonidentical Rayleigh fading channel can be written as [28] , [29] 
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where parameter m over non-identical Rayleigh fading channel can be also written as [28] , [29] [26] , [28] , and [29] , X and Y are independent and the two dimensional joint PDF of X and Y has the same form in (4) while each PDF of X and Y is (27) and
With the same approach used in Sec. III-C, we can obtain the exact closed-form expression of the PDF of γ SINR for this case as
VI. PERFORMANCE ANALYSIS OVER I.N.D. RAYLEIGH FADING CONDITIONS
A. OUTAGE PROBABILITY Similar to Sec. IV-A, for i.n.d. case, by inserting (25), (26), and (29) into (10), the closed-form expression of the outage probability for each cases can be obtained to be given by a. For m = K
b. For m = K and α = 0
c. For m = K and α = 0 2
B. AVERAGE SPECTRAL EFFICIENCY (ASE)
Similar to Sec. IV-B, ASE of a user also can be calculated as in (14) with P n of each cases as follows:
2 Detailed derivations are presented in Appendix A. VOLUME 4, 2016
c. For m = K and α = 0 3
C. AVERAGE BER Similar to Sec. IV-C, the average BER can be calculated as in (19) with BER n of each cases as follows:
3 Detailed derivations are presented in Appendix A.
c. For m = K and α = 0 In this case, the closed-form expression of BER n is given in (38) at the top of this page and detailed derivations are presented in Appendix B.
VII. RESULTS AND CONCLUSION
For i.n.d. case, we assume that the channel has an exponential multipath intensity profile (MIP) withγ i =γ exp(−δ(i − 1)), (i = 1, . . . , N ), whereγ is the strongest average SNR (or the average SNR of the first path) and δ is the power decay factor. 4 Similar to the i.i.d. fading scenario, we can observe the same effect of α as expected. More specifically, as α increases, the outage probability degrades. As a result, we can say that the system performance (or reliability) degrades as α increases. It can also be seen that the effect of the interference of the more heavily decayed MIP is smaller than that with smaller decay exponents. As a result, if δ decreases, the interference level increases and then it leads to the system performance degradation.
Note that the ASE and the average BER, BER, depend on the values of α and δ for i.n.d. case and the type of adaptive modulation especially in the lowγ region. To evaluate the exact performance, the system needs to employ an appropriate type of adaptive modulation in the region of low γ . However, the existing conventional adaptive modulation schemes [18] - [21] are not suitable for low γ . Therefore, in the simulation, a conventional uncoded adaptive modulation [20] with N = 7 is employed and the ASE is only investigated because BER cannot be exactly investigated especially due to the improper values of a n and b n in (20) . However, note that the closed-form expressions of the BER are still valid if we are able to apply the proper values of a n and b n .
To validate our analytical results, we compare in Figs. 1-6 the analytical results with the results obtained by Monte-Carlo simulation based on the system and channel As expected, we can observe from Fig. 1 that the outage performance with self-interference is degraded considerably compared to that without self-interference. This degradation is more severe as α increases because it is clear that the interference increases as α increases. can also see the effect of interference due to m and α. More specifically, it is clear from the figure that the performance improves as m increases because the number of combined paths contributing to the desired signal power is increasing while the number of interfering paths is decreasing as m increases.
Figs. 3 and 4 show the outage probability as a function of threshold with various values of α over i.n.d. fading assumptions. As expected, similar to i.i.d. case, the outage performance is degraded as α increases. However, it is notable that the outage performance is improving as the power decay factor, δ, increases only when α is not small because the effect of the interference with larger decay exponent (i.e., the more heavily decayed MIP) is smaller than that with smaller decay exponents due to the nature of the exponential function. Otherwise, the outage performance is degrading as δ increases due to the degradation of the desired signal strength while the effect of the interference is very small enough to be negligible or is zero.
Figs. 5 and 6 show that the ASE comparison with selfinterference as a function of the total number of combined paths with various values of α and δ over i.n.d. fading assumptions. First of all, for the effect of α, we can observe the same effect similar to the i.i.d. case, especially with given δ. For the effect of the interference according to the value of decay exponents, δ, especially for small value of δ in Fig. 5 , we can generally observe that with small m, the strength of the desired signal can become similar to that of the i.i.d. case while the strength of the interference signal can be relatively weaker compared to that of the i.i.d. case due to the effect of δ. This eventually leads to an improvement of the performance compared to the i.i.d. case, especially for larger α. However, as m increases, the increment of the desired signal strength is relatively small compared with that for the i.i.d. case while the effect of the interference is reducing compared to the i.i.d. case due to the effect of δ. As a result, this eventually leads to a performance degradation compared to the i.i.d. case, especially for smaller α. For large value of δ in Fig. 6 , we can observe the similar results in Fig. 5 . Note that in this case, especially for the large m, the increment of the desired signal strength can be relatively much smaller compared with that for the i.i.d. and the i.n.d. with small δ while the effect of the interference is similar. As a result, this eventually leads to a further system performance degradation compared with that for the case with the small value of δ.
Note that above results show that we should consider the effect of the non-uniform power delay profile and interference also. Based on above results, our analytical results can help the system designer to predict the performance and design the system (e.g. the number of combined paths, the appropriate type of adaptive modulation schemes for PRAKE receivers in low γ , and so on) to maximize the overall throughput before applying it to the practical environment subject to self-Interference. However, to fully take this advantage, the research on the adaptive modulation schemes suitable for low γ should precede.
APPENDIX A DERIVATIONS OF (32) AND (35)
To obtain the closed-form expressions in (32) and (35), we first need to derive the closed-form expression of the CDF of γ SINR , P γ SINR (·), which can be obtained by integrating the PDF in (29) 
Note that (40) can be represented by the derivative terms of the product of two functions, i.e., 
With (42), we can directly obtain the closed-form expressions in (32) and (35).
APPENDIX B DERIVATION OF THE CLOSED-FORM EXPRESSIONS (38)
Substituting (29) into (20), we can rewrite (20) as
γ Tn a n e 
Here, for analytical simplification, substituting w =γ j x + zαγ j y yields dz = 
